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ature	variation,	 leading	 to	 a	 longer	 juvenile	development	 time	at	high	 resource	






5.	 Our	 results	 demonstrate	 that	 environmental	 degradation	 can	 strongly	 affect	
how	species	in	a	trophic	interaction	respond	to	short‐term	temperature	fluctua-
tions	through	direct	and	indirect	trait‐mediated	effects.	These	effects	are	driven	
by	 species	 differences	 in	 sensitivity	 to	 environmental	 conditions	 and	modulate	
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1  | INTRODUC TION
Anthropogenic	 environmental	modifications	 through	 land‐use	 and	
climate	change	are	among	the	primary	threats	to	biodiversity,	caus-
ing	widespread	changes	in	species	distribution	and	species	declines	
and	 extinctions	 (Nowakowski,	 Frishkoff,	 Agha,	 Todd,	 &	 Scheffers,	
2018).	Recent	climate	change,	characterized	by	global	warming	and	
changes	 in	 the	 frequency	 of	 spatio‐temporal	 variation	 in	weather	




erable	 impacts	 on	 population	 and	 community	 dynamics	 (reviewed	
in	Vazquez,	Gianoli,	Morris,	&	Bozinovic,	2017).	Short‐term	environ-
mental	fluctuations	can	both	stabilize	(Estay,	Clavijo‐Baquet,	Lima,	
&	 Bozinovic,	 2011)	 and	 destabilize	 (Gonzalez	 &	 Descamps‐Julien,	
2004)	population	dynamics	depending	on	the	(co‐)	variation	of	spe-
cies	 traits	 (Vazquez	 et	 al.,	 2017)	 and	 their	 intrinsic	 dynamics	 (i.e.	
stable	 or	 unstable,	 Fowler,	 Laakso,	 Kaitala,	 Ruokolainen,	&	 Ranta,	
2012).	For	species	in	trophic	interactions,	fluctuating	temperatures	
can	have	contrasting	impacts	on	species’	life	history	and	population	







dynamics	 (Alberti,	 2015),	 which	 affects	 species	 assemblages	 and	
disrupts	 ecosystem	 functions	 and	 services	 (Nichols	 et	 al.,	 2008).	
Habitat	modifications	due	 to	 land‐use	change	can	 restrict	 species’	
access	to	resources	(e.g.	habitat	fragmentation)	and	reduce	resource	


















revealed	 additive,	 synergistic	 and	 antagonistic	 effects	 of	 land‐use	
and	climate	change	on	demography	and	abundance	 (e.g.	Newbold,	













sponses.	 The	 majority	 of	 studies	 have	 focused	 on	 the	 effects	 of	
increased	temperatures	or	droughts,	but	few	have	investigated	the	
effects	of	weather	fluctuations	(e.g.	Fourcade,	Ranius,	&	Ockinger,	
2017;	 Oliver	 et	 al.,	 2015)	 and	 mostly	 in	 single	 species	 (but	 see	
Cardoso,	Raffaelli,	Lillebo,	Verdelhos,	&	Pardal,	2008).	Of	these,	only	
one,	to	our	knowledge,	investigated	the	consequences	of	short‐term	
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in	an	 insect	host–parasitoid	 interaction.	The	 interaction	comprises	
the	moth	Plodia interpunctella	(Pyralidae;	Hübner,	hereafter	“Plodia”)	
and	 the	 parasitoid	 wasp	 Venturia canescens	 (Ichneumonidae;	
Gravenhorst,	 hereafter	 “Venturia”).	 Their	 dynamics	 are	 character-
ized	by	strongly	coupled	generation	cycles	in	high‐quality	environ-
ments	with	constant	temperatures	(Begon,	Sait,	&	Thompson,	1995;	
Bjornstad,	 Sait,	 Stenseth,	 Thompson,	 &	 Begon,	 2001).	 Resource	



















hosts.	We	 then	 identified	direct	 and	 indirect	 effects	 through	bot-
tom‐up	(resource)	and	top‐down	(parasitism)	effects	on	population	
dynamics	using	a	long‐term	microcosm	experiment	with	“host‐alone”	









parasitoid	 life	 history.	 Finally,	 (e)	 resource	degradation	will	 reduce	
host	 and	 parasitoid	 abundance	 and	 dampen	 their	 population	 cy-











tures	 and	parasitoids	 from	a	 laboratory	parthenogenetic	 thelytok-
ous	(asexual)	strain,	which	were	kept	on	nondegraded	host	resource	
at	 constant	 28°C	 in	 incubators	 with	 a	 16:8‐hr	 light	 cycle	 (Sanyo	
MIR‐553/4,	temperature	uniformity:	±0.5°C,	Panasonic	Biomedical).




in	 each	 resource	 degradation	 treatment.	 Both	 temperature	 treat-




We	created	a	gradient	of	 resource	degradation	 from	none	 to	high	
by	 replacing	 0%,	 25%,	 50%	 and	 75%	of	wheat	 germ	 in	 the	 host's	















days	 from	age	20	 to	22	days	 (8–9	 larva	per	 treatment	 parasitized	
on	each	day	as	 fourth	or	 fifth	 instars,	 the	most	 suitable	hosts	 for	
Venturia's	 development;	Harvey,	Harvey,	&	 Thompson,	 1994).	 The	
distinctive	 ovipositor	 cocking	 behaviour	 following	 oviposition	was	






































adults	were	 removed	 from	each	microcosm	 and	 counted,	 giving	 a	












and	 quadratic	 terms),	 temperature	 treatment	 and	 their	 first‐order	
interactions	as	fixed	effects.	Sex	(and	its	second‐order	interactions	
with	 resource	 degradation	 and	 temperature	 treatments)	 was	 also	
included	as	a	fixed	effect	in	the	analyses	of	host	juvenile	stage	dura-
tion,	adult	life	span	and	adult	mid‐femur	length.
For	 each	 trait,	 an	 information‐theoretic	 approach	 (Burnham	&	
Anderson,	 2002)	 based	 on	Akaike	 information	 criterion	 corrected	
for	 small	 sample	 size	 (AICc)	 was	 used	 to	 compare	 the	 full	 model	
and	all	possible	combinations	of	nested	models.	Supported	models	













gamm4 and lme4	 packages,	 following	 Fussmann,	 Schwarzmuller,	
Brose,	Jousset,	and	Rall	(2014).	Negative	binomial	regressions	were	




Tensor	 products	 were	 used	 for	 smooth	 functions	 (Wood,	 2017).	
GAMMs	 included	 a	 smooth	 function	 of	 time	 step	 for	 each	 treat-
ment	group	(i.e.	all	possible	combinations	of	temperature,	resource	
degradation	and	microcosm	type),	a	 treatment	group	 intercept,	an	
observer	 intercept	 and	 a	 microcosm	 identity	 random	 effect.	 All	
GAM(M)s	were	 fitted	 using	 a	 Laplace	 approximation	 of	 the	maxi-
mum	likelihood	(Wood,	2017).




time	 series	 were	 obtained	 by	 dividing	 the	 predictions	 of	 GAMs	
by	 the	 predictions	 of	 generalized	 linear	models	with	 a	 linear	 re-
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interactions	 as	 fixed	 effects.	Models	 for	 host	 data	 also	 included	
microcosm	 type	 and	 its	 second‐order	 interactions	with	 resource	














resource	 degradation	 (Figure	 1a,b),	 and	 linear	 and	 quadratic	 terms	
were	included	in	all	supported	models	for	both	species	(Tables	S1	and	
S3	in	Appendix	S3).	Host	juvenile	stage	duration	was	also	significantly	
affected	 by	 an	 interaction	 between	 resource	 degradation	 and	 tem-
perature	 treatments	 (linear	 and	 quadratic	 interactions	 included	 in	 9	
and	10	out	of	12	supported	models,	respectively;	Table	S1	in	Appendix	
S3).	 This	 trait	was	 longer	 under	 fluctuating	 than	 constant	 tempera-
tures	 in	 the	most	degraded	 resource	 treatment	 (Figure	1a;	Table	S2	









perature	 variation,	 with	 the	 full	 model	 being	 the	 only	 supported	
model	(Table	S7	in	Appendix	S3).	Parasitoid	adult	life	span	increased	




Both	 host	 and	 parasitoid	 adult	 body	 size	 (host	mid‐femur	 and	






























which	 increased	with	 the	 level	 of	 degradation,	 causing	 troughs	 in	
abundance	to	disappear	(Figure	3a).	Differences	in	adult	abundance	
were	 larger	between	resource	 treatments	 in	H‐P	than	 in	H	micro-
cosms	 (compare	 top	 and	middle	 rows	 in	 Figure	3a).	 The	more	de-






early	with	 increasing	 resource	 degradation	 and	was	 lower,	 with	 a	
sharper	decrease	with	resource	degradation,	in	H‐P	than	in	H	micro-

















(Figure	5).	 Substantial	differences	between	 temperature	 treatments	
occurred	 at	 all	 levels	of	 resource	degradation	except	75%	MC.	The	
largest	 differences	 occurred	 between	weeks	 15	 and	 30	 in	H‐P	mi-
crocosms	at	0%,	25%	and	50%	MC	and	in	H	microcosms	at	50%	MC	
where	amplitudes	were	higher	under	variable	than	constant	tempera-
ture,	with	 larger	differences	 in	more	degraded	 resource	 treatments	
(Figure	5).	This	result	means	that,	during	weeks	15–30,	the	difference	
between	 peaks	 and	 troughs	 in	 host	 abundance	 was	 higher	 under	
variable	than	constant	temperatures,	and	more	so	in	more	degraded	




Indirect	 (top‐down)	 effects	 accounted	 for	 21%–59%	of	 the	 ef-
fects	of	temperature	variation	on	the	temporal	change,	overall	mean	






perature	 variation	depended	on	 the	 level	 of	 resource	degradation	
(Figure	3b).	Parasitoid	time	series	were	not	affected	by	temperature	
variation	 at	 75%	MC.	 At	 all	 other	 levels	 of	 resource	 degradation,	
parasitoid	 abundance	 diverged	 between	 temperature	 treatments	
from	week	18,	where	abundance	was	lower	under	variable	tempera-
tures,	and	most	markedly	diverged	after	week	30	when	parasitoid	
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The	 overall	 mean	 of	 adult	 parasitoid	 abundance	 was	 signifi-
cantly	affected	by	temperature	treatments,	which	were	 included	
in	three	of	the	five	supported	models	 (Table	S5	 in	Appendix	S6),	









variability	 (SD)	 of	 adult	 parasitoid	 abundance	 decreased	 nonlin-
early	with	 resource	 degradation	 (Figure	4d;	 Tables	 S7	 and	 S8	 in	
Appendix	S6).	A	negative	effect	of	 temperature	variation	on	 the	
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variability	of	parasitoid	abundance	was	also	supported	(included	in	
three	of	the	four	supported	models),	but	was	only	significant	when	





overall	 mean	 and	 variability	 in	 parasitoid	 abundance,	 respectively	
(Table	S2	in	Appendix	S7).
4  | DISCUSSION
The	 mechanisms	 through	 which	 habitat	 modification,	 the	 leading	
anthropogenic	driver	of	the	current	biodiversity	crisis,	can	alter	the	
way	interacting	species	respond	to	environmental	variation,	are	still	
poorly	 understood.	 In	 particular,	 how	 life‐history	 responses	 and	
trait‐dependent	 species	 interactions	 in	 fluctuating	 environments	
are	affected	by	 resource	degradation	 (e.g.	Turlure	et	al.,	2013)	 re-
mains	to	be	investigated	in	trophically	structured	systems.	Using	the	
Plodia‐Venturia	host–parasitoid	model	system	as	a	proxy	for	natural	
populations	 in	 degraded	 environments,	we	 demonstrated	 that	 re-
source	 degradation	 can	 fundamentally	 alter	 species’	 responses	 to	





tory	was	more	 affected	 by	 temperature	 variation	 than	 the	 host's,	
over	a	single	generation.	A	small	increase	in	host	juvenile	stage	dura-
tion	with	temperature	fluctuations	was	observed	in	highly	degraded	




slow	 it	 in	 some	 species,	 or	 have	no	effects	 in	others	 (reviewed	 in	
Colinet,	Sinclair,	Vernon,	&	Renault,	2015).	Our	results	suggest	that	
the	host	and	parasitoid	species	differ	 in	 their	sensitivity	 to	 fluctu-
ating	temperatures	during	the	juvenile	stage,	despite	having	similar	
thermal	optima	and	ranges	of	 temperature	 tolerance	 (Spanoudis	&	
Andreadis,	2012).
Juvenile	stage	duration	increased	and	adult	body	size	decreased	
with	 resource	 degradation	 in	 both	 species.	 Such	 responses	 were	
previously	 observed	 in	 response	 to	 low	 host	 resource	 nutritional	
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the	 effects	 of	 temperature	 variation	 on	 parasitoid	 adult	 life	 span,	




2014),	 while,	 as	with	 development	 time,	 temperature	 fluctuations	
have	been	 reported	 to	 increase,	decrease	or	 to	have	no	effect	on	
adult	 life	 span	 in	 insects	 (Colinet	 et	 al.,	 2015).	 In	 our	 experiment,	
daily	temperatures	varied	between	22.3	and	30.2°C,	which	exceeds	
Venturia's	 adult	 thermal	 tolerance	 (Spanoudis	 &	 Andreadis,	 2012).	







When	 exposed	 to	 suboptimal	 temperatures,	mobile	 animals	 can	
use	behavioural	thermoregulation	as	a	buffer,	for	instance	by	chang-
ing	 or	 restricting	 activity	 times	 (Huey	 et	 al.,	 2012).	 In	 our	 experi-
ment,	 adult	 parasitoids	 exposed	 to	 temperature	 variation	may	 have	
substantially	 decreased	 their	 foraging	 activity,	 thus	 increasing	 their	
life	span.	However,	 the	 lack	of	an	effect	of	 temperature	variation	 in	
nondegraded	 and	highly	degraded	environments	 suggests	 that	 con-
text‐dependent	 energetic	 trade‐offs	 arose	 in	 response	 to	 resource	
limitation	and	temperature	variation.	At	the	highest	level	of	resource	










can	 increase	 encapsulation	 by	 upregulating	 host	 defence	 genes	




4.2 | Consequences for host and parasitoid 
population dynamics
As	predicted,	we	found	that	parasitoid	dynamics	were	most	sensi-
tive	 to	 temperature	 variation,	 but	 host	 resource	 degradation	 had	
F I G U R E  5  The	amplitudes	of	dead	adult	host	normalized	time	series	were	affected	by	temperature	treatments,	resource	degradation	and	
microcosm	types.	Data	are	normalized	amplitudes	(Appendix	S5).	Regression	lines	(±SE)	were	obtained	from	the	only	supported	model	based	
on	AICc




host	 generation	 cycles,	 and	by	 the	 presence	of	 parasitoids,	which	
exerted	 strong	 top‐down	 regulation.	 However,	 host	 populations	
also	responded	to	temperature	variation	and	the	largest	differences	
between	temperature	treatments	occurred	in	host–parasitoid	popu-
lations	 in	which	 top‐down	 (indirect)	 effects	 contributed	 to	 nearly	
59%	of	the	effects	of	temperature	variation	on	the	change	in	host	
abundance.
In	 host‐alone	 populations,	 transient	 differences	 (i.e.	 lasting	
for	 one	 to	 two	 generations)	were	 observed	between	 temperature	
treatments,	most	notably	at	the	intermediate	level	of	resource	deg-
radation	 where	 host	 cycle	 amplitudes	 were	 larger	 under	 variable	
temperatures.	Coupled	with	our	 life‐history	experiment,	 these	 re-
sults	suggest	that	exposure	to	temperature	fluctuations	within	the	
species’	temperature	tolerance	range	for	more	than	one	generation	
could	 be	 necessary	 to	 elicit	 direct	 life‐history	 responses	 in	 hosts	
(e.g.	 Foray,	Desouhant,	&	Gibert,	 2014).	 Surprisingly,	 host	 dynam-
ics	 did	 not	 differ	 between	 temperature	 treatments	 in	 host‐alone	
populations	 maintained	 at	 the	 highest	 level	 of	 resource	 degrada-





for	 resources	 is	 the	main	driver	of	Plodia's	population	dynamics	 in	
the	absence	of	parasitoids	 (e.g.	Bjornstad	et	al.,	2001)	and	can	af-
fect	species’	 responses	to	temperature	variation	 (i.e.	 temperature‐











variable	 temperatures	 at	 all	 but	 the	 highest	 level	 of	 resource	
degradation.	 These	 differences	 in	 abundances	 were	 most	 likely	
due	 to	a	 lower	 rate	of	 successful	parasitism	under	variable	 tem-
peratures	 rather	 than	 differences	 in	 host	 availability,	 since	 tem-
perature	 treatments	 had	 a	 weak	 effect	 on	 host	 abundance	 in	
host‐alone	populations.	In	our	life‐history	experiment,	we	showed	
that	 temperature	variation	 reduced	parasitoid	development	 time	
independently	of	 resource	degradation.	This	 could	have	 led	 to	a	
phenological	mismatch	between	host	 and	parasitoid	populations	
if	most	parasitoids	emerged	before	sufficient	numbers	of	suitable	
hosts	were	present	 in	 the	populations	 (Renner	&	Zohner,	2018).	








moderate	 levels	 of	 resource	 degradation.	 A	 decrease	 in	 parasit-
oid	foraging	activity	in	response	to	temperature	fluctuations	and	






changes	 in	 the	 intensity	 of	 intraspecific	 competition	 (Cameron,	
Metcalfe,	 et	 al.,	 2007;	 Cameron,	Wearing,	 Rohani,	 &	 Sait,	 2005),	
coupled	with	 resource	 and	 temperature‐dependent	differences	 in	
host	and	parasitoid	juvenile	development	and	in	parasitoid	adult	life	
span,	most	likely	contributed	to	the	complex	patterns	of	population	
dynamics	we	 observed	 in	 this	 trait‐dependent	 trophic	 interaction	
(Belarde	 &	 Railsback,	 2016;	 de	 Sassi	 et	 al.,	 2012).	 In	 koinobiont	
parasitoids	with	a	shorter	window	of	host	suitability	than	Venturia 
or	 in	 idiobiont	 parasitoids,	which	only	 attack	discrete	 host	 stages	
(e.g.	 pupae),	 such	 temperature‐dependent	differences	 in	host	 and	
parasitoid	 traits	 are	 likely	 to	 disrupt	 the	 phenology	 of	 trophic	 in-




by	 generation	 cycles,	which	were	 strongly	 dampened	by	 resource	
degradation.	In	Plodia,	generation	cycles	are	driven	by	cycles	in	the	
larval	stage	structure	due	to	asymmetric	competition	between	early	
and	 late	 instars	and	cannibalism,	which	 lead	to	density‐dependent	
mortality	in	eggs	and	early	instars	(Begon	et	al.,	1995;	Bjornstad	et	
al.,	2001;	Sait,	Liu,	Thompson,	Godfray,	&	Begon,	2000).	The	damp-
ening	 effects	 of	 resource	 degradation	 on	 host	 generation	 cycles	
are	due	to	the	reduction	 in	adult	 fecundity	and	of	the	 intensity	of	






statistical	 detection	 of	 generation	 cycles,	 despite	 an	 apparent	 cy-




cycles,	 suggesting	 that	host	 and	parasitoid	dynamics	were	uncou-
pled,	 regardless	of	 resource	degradation	or	 temperature	variation.	
Instead,	 parasitoid	 time	 series	 exhibited	 patterns	 consistent	 with	
multigeneration	cycles,	but	were	too	short	to	statistically	estimate	
their	cycle	period	or	synchrony	with	host	populations.	This	potential	











effects	 on	 host	 dynamics	 through	 top‐down	 and	bottom‐up	 regu-
lation,	which	were	modulated	by	the	level	of	resource	degradation.	











of	 resource	degradation.	 The	more	degraded	 the	 resource,	 the	
more	 host	 abundance	 was	 suppressed	 by	 parasitoids	 and	 top‐









window	of	vulnerability	of	 the	host	 to	parasitism	by	 increasing	
their	 development	 time,	which	 can	 lead	 to	 a	 larger	 proportion	
of	parasitized	 larvae	 (Cronin	et	al.,	2016).	Testing	 the	hypothe-
sis	 of	 slow‐growth–high	mortality	 in	 a	 host–parasitoid	 system,	
Benrey	and	Denno	(1997)	showed	that	low	host	diet	quality	was	
associated	 with	 longer	 development	 times	 and	 higher	 rates	 of	
parasitism.	Our	 results	 are	 consistent	with	 this	 hypothesis	 and	
suggest	 that	 resource	 degradation	 should	 increase	 the	 risk	 of	
host	 and	parasitoid	 extinction	by	 increasing	 the	host's	 suscep-
tibility	 to	 parasitism	 in	 addition	 to	 the	 potential	 decoupling	 of	
their	dynamics.
5  | CONCLUSIONS
We	 demonstrated	 that	 resource	 degradation	 can	 amplify	 species'	
responses	 to	 short‐term	 stochastic	 temperature	 variation	 by	 di-
rectly	 altering	 the	quality	of	 individuals	 through	complex	patterns	
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